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ABSTRACT

This paper describes a computer program that
performs a Volterra-series analysis of a weakly
nonlinear microwave circuit having an arbitrary
topology. It uses the method of nonlinear
currents and a nodal formulation. When sgpecial
algorithms are used to evaluate only the minimum
necessary set of mixing products, the
computational efficiency is very great.

INTRODUCTION

Volterra-series, or nonlinear-transfer-
function analysis, [1-3], is an efficient and
highly effective method for analyzing weakly
nonlinear circuits under small-signal
excitation. It has been used to analyze
nonlinear effects in a wide variety of circuits,
and is particularly useful for calculating
intermodulation levels in MESFET amplifiers
[4,5]. Volterra-series techniques have also been
used for the analysis of time-varying circuits
such as mixers [6] and parametric upconverters
[7]. However, the large amount of algebraic
effort necessary to generate analytical forms of
the Volterra kernels of even simple circuits has
prevented the wide application of Volterra-
series analysis. This analytical complexity has
forced many experimenters to employ simplifying
assumptions, especially in the topology of the
equivalent circuits of solid-state devices
[4,8]; these approximations limit the accuracy
of the analysis.

This paper describes a general-purpose computer
program that performs a Volterra-series analysis
of a weakly nonlinear microwave circuit. The
program is intended primarily for use in the
design of microwave circuits; its catalog of
circuit elements includes the distributed
elements necessary for such work. Because the
program formulates and solves the circuit
equations numerically, the user need not
simplify either the circuit or the model of the
solid-state device, or make any of the other
common simplifying assumptions often found in
Volterra-series analyses (e.g. that the input
frequencies in a two-tone excitation are nearly
identical).
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THE NONLINEAR-CURRENT METHOD

The program uses the nonlinear-current method
[1]-[3], [9] and a nodal formulation of the
circuit equations. In this approach, each
nonlinear circuit element is described as a
linear element in parallel with a set of current
sources; each current source represents a single
order (greater than 1) of the mixing products,
and its current is a nonlinear function of the
node-voltage components at lower-order mixing
frequencies. The weakly nonlinear circuit is
reduced to a linear circuit, which contains the
linear elements and the linear parts of the
nonlinear elements, and a set of excitation
sources.

The first-order response is simply the response
of the linear circuit. The source currents at
second-order mixing frequencies are found from
the first-order node voltages. For example, in
the case of a simple voltage-controlled conduc-
tance having the small-signal I/V
characteristic,
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One can find the second-order node voltages by
solving the linear network's admittance
equations with the second-order sources used as
excitations. The process is repeated to find
the third- and higher-order node voltages.

Volterra-series analysis is considerably more
efficient than generalized harmonic-balance
analysis because it requires neither Fourier
transformation nor iteration: when the
nonlinear-current method is used, the source
currents are found directly in the frequency
domain. One need not evaluate all the mixing
products implied by (3) or (5); it is necessary
to evaluate only the small set of products that
contribute to the distortion product of
interest. Thus, if only the minimum number of
significant products are retained, the
calculation of the mixing products can be
performed very rapidly. Volterra-series
analysis is, however, limited to circuits having
relatively weak nonlinearities; harmonic-balance
techniques can be used with circuits having much
stronger nonlinearities.

PROGRAM DESCRIPTION

The program is written in Turbo Pascal for use
on the IBM PC or PC-AT microcomputers. The
program is menu-driven, and can be used
interactively to generate output in several
different forms. The element catalog includes
the same types of elements found in most
linear-analysis programs: linear resistors,
capacitors, inductors, controlled sources,
transmission lines, stubs, and arbitrary
impedances; and nonlinear resistors, capacitors,
and controlled sources. At present the program
is limited to nonlinear elements that can be
defined as voltage-controlled (i.e., whose
incremental currents are single-valued functions
of voltage). The program has a modular
structure, allowing additional types of circuit
elements or additional capabilities to be added
easily.

Figure 1 shows the program’s flow chart. After
reading the data file, the program generates the
frequency-mix vectors [3] of only the desired
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and contributory mixing frequencies; i.e., it
ignores mixing components of the input tones
that do not contribute to the distortion product
of interest. The program then finds the source
currents and node voltages at each mixing
frequency, beginning with the first-order
voltages and continuing through the order of the
mixing product of interest. At each order, the
program first identifies the significant
lower-order mixing vectors and the corresponding
voltages, calculates the excitation currents,
generates the nodal equations, and finally
calculates the node voltages.

Figure 2 shows a sample calculation. Figure 2(a)
and 2(b) show the circuit and data file; the
file describes a single-stage, narrowband,
9.5-GHz GaAs MESFET amplifier. The amplifier’s
source and load impedances are defined by
tabular data in the files ZSFET.DAT and
ZLFET.DAT, respectively (the program
interpolates these tables if they do not contain
data at precisely the correct frequency). The
FET equivalent circuit includes the three
nonlinear elements that are normally dominant in
establishing the device’'s intermodulation
characteristics: the gate/source capacitance,
the transconductance, and the drain/source
resistance.

The data file lists the excitation frequencies,
power levels, and the coefficients of the IM
product of interest, followed by the circuit
description. The elements VCN, GNL, and DIODEC
are nonlinear; VCN and GNL, the controlled
current source and drain/source conductance, are
described by the power-series coefficients of
their incremental I/V characteristics. DIODEC,
representing the gate/source capacitance, is the
capacitance of an ideal, uniformly doped pn
junction. The capacitance is described by its
junction parameters (C.., ¢, and y) and bias
voltage; the program cé?culates the coefficients
of its charge/voltage characteristic from these
data.

Figure 2(c¢) shows the results of a two-tone
sweep across the amplifier’s passband: it lists
output powers of the linear responses at the
excitation frequencies f. and £,, and
third-order IM products &t the Ef -fl mixing
frequency. The output listing includes the
source and load impedances at the input and IM
frequencies. Computation speed is limited
primarily by the solution of the admittance
equations, and is almost independent of the
number of nonlinear elements; thus, many more
elements could be treated as nonlinear ones
without a significant increase in calculation
time. The data in Figure 2(c) required only 2%
seconds of computer time per line.
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Fig. 1: Program flowchart
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Initial Input Fregs and powers

Component  Freg. Power {d8a)
FL 5,300E+089  -20.0000 (c)
2 SUIOEHD0% 20,0000

Freguency of IN product: fiM = 262 - {1 Order of I¥ product = 3
INPUT FREQUENCIES F1 QUTPUT PARAHS I# FRED ¥ DUTPUT PARAMS

fl 2 13 4 K Re{Zs} Im{ls} Re{il} Ims{IL} Pout fI4 Refll} Ia{il}  Pout
5.500E+009 5, 510E4007 0,00 0.00 0,00 47.22 .50 49,44 9.72 -12.74  5.GROE+00T  49.42  10.11 -B4.02
5.500E+009 4.310E+069 0.00 0.08 0.00 ALY 7.50 48,33 29.17 -12.37 6. 520E+009 48,31 29.56 -83.34
7.500E+009 7.510E4009 6.00 0.00 0.00 611 120500 47.22 AB.A8 -14.74 0 T.GR0E+00% 47,20 49,00 -81.24
8.500E+009 8,310E+009 0,00 6.00 9,00 30,36 17.30 46,11 68.06 -10.93  8.020E+009 46,09  48.44 -77.52
9, 500E+009 9,310E+009 0.00 0.00 0,00 25,00 22,50 45,00 87.30 -10.19  9.520E+009 45,00 B7.50 -72.90
1.030E+010 1.051E+010 6,00 0.00 0.00 15,66 14.06 37,52 72,92 -12.42  L.ORXEHOL0 37.33  72.59 -80.93
1.150E4010 1. 15164010 0.00 0.40 0.00 5,29 469 29.20 5671 -1B.87  LLI02E4010 29.04  56.39 -102.09
1.250E4010 1.231E+010 ¢.00 0.00 0.90 0.1 Q.00 20,89 40.51 -38.30  L.ZSZEH0L0 20,72 40.19 -140,3L
1.350E4010 1.35LE4040 0,00 0.00 0,00 6,16 0,00 12,57 24,31 -40.80 1.332E+010 12,41 23,99 -184.53
1 450E+010 1,45LE+010 0,00 9.00 0.90 0.10 G000 4,26 810 46,23 LLAG2E+010 4,09 7.78 -149.%2
1, 530E+010 L. 30ME+010 0,0 0.00 0.00 6,10 0,00 0,10 0.00 -62.95  L.EGZEX0I0 0,10 0.00 ~1B&.12
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